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Several studies conducted during the past decade have suggested that episodic memory
is better equipped to handle the future than the past. Here, we consider this premise in
the context of motor memory. State-of-the-art computational models for trial-by-trial motor
adaptation to constant and stochastic force field perturbations in a horizontal reaching
paradigm have shown that motor memory registers a weighted sum of past experiences
to predict force perturbation in a subsequent trial. In the current study, we used the
standard horizontal reaching movement paradigm and a novel vertical reaching movement
paradigm to test motor memory function during adaptation to force fields increasing in
magnitude in a simple predictable linear series. We found that adaptation to constant and
sequence force fields are similar in vertical and horizontal reaching. For both horizontal
and vertical reaching, we found that the expectation in a particular trial was the average
of the previous few trials rather than an expectation of a larger perturbation, as would
be expected from a simple extrapolation. These findings are not consistent with those of
our previous studies on lifting and grasping tasks, in which we found that the grip force is
correctly adjusted to the next weight in a series of tasks with gradually increasing weights,
thus predicting the future rather than averaging the past. The results of the current study
devoted to reaching movements and of our previous study addressing a lifting task suggest
that the brain can generate at least two different types of motor representation, either
addressing the past in reaching or predicting the future in lifting. We propose that prior
experience and the effect of environment’s variability are the reasons for the observed
differences in expectation during lifting and reaching. Finally, we discuss these two types
of memory mechanisms with respect to the distinct neural circuits responsible for lifting
and reaching.
Keywords: motor memory, vertical reaching, force perturbations, grasping, reaching movements
INTRODUCTION
Episodic memory is classically regarded as a neuronal cognitive
system that allows past experience to be remembered, namely,
that enables people to recall the content and timing of incidents
in specific past events (Tulving, 2002). However, many recent
cognitive studies have recognized the close relationship between
remembering the past and imagining the future (Dudai and
Carruthers, 2005; Gilbert and Wilson, 2007; Schacter and Addis,
2007a,b; Addis et al., 2009, 2011; Dudai, 2009). Even though
the dichotomy between handling the past and the imagining
future has been studied almost exclusively in relation to episodic
memory, there are a few clear similarities between motor mem-
ory and episodic memory that justify the consideration of this
dichotomy for motor memory as well. For both types of mem-
ory, there is strong evidence for involvement of the hippocampus:
it has, for example, been observed that the hippocampus and the
striatum interact during motor sequence consolidation (Albouy
et al., 2008). In addition, it has been proposed that the hip-
pocampus forms part of a common core brain network during
remembering the past and imaging the future by using episodic
memory (Addis and Schacter, 2008; Addis et al., 2011). Moreover,
twomain features of memory, consolidation, andmental practice,
have been studied in the context of motor control (Brashers-
Krug et al., 1996; Eisenberg and Dudai, 2004; Krakauer and
Shadmehr, 2006). However, the possible relationship between
motor memory and past–future issues remains almost entirely
unexplored and it is this relationship that we address in the
current study.
People demonstrate excellent motor ability when learning a
new environment. Numerous studies have examined the pro-
cesses involved in motor adaptation during reaching move-
ments when the study subjects are exposed to different novel
environments, such as visuomotor perturbations (Flanagan and
Rao, 1995; Wolpert et al., 1995; Krakauer et al., 2000; Mazzoni
and Krakauer, 2006), mechanical perturbations (Shadmehr and
Mussa-Ivaldi, 1994; Shadmehr and Brashers-Krug, 1997) or time-
dependent perturbations (Levy et al., 2010). Some of these studies
focused on the effect of prior statistics of the environment on
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motor adaptation (Scheidt et al., 2001), while others investigated
motor memory retention (Huang and Shadmehr, 2009) and
inter-limb transfer (Criscimagna-Hemminger et al., 2003; Malfait
and Ostry, 2004). Current theories and computational models
about motor adaptation in these force-field paradigms suggest
that the human brain predicts a future external perturbation on
the basis of a weighted sum of past experience (Thoroughman
and Shadmehr, 2000; Scheidt et al., 2001; Takahashi et al., 2001;
Donchin et al., 2003). However, the process of adaptation for
a series of gradually increasing force perturbations in reaching
movements is still not fully understood. What happens when we
experience trial-by-trial series of 1N, 2N, 3N? Do we expect the
average 2N or predict the next 4N? How does the movement’s
direction affect this prediction? In this study we tried to answer
these open questions.
Here, we tested short-term motor memory during vertical and
horizontal reaching movements under conditions of a trial-by-
trial sequence of gradually increasing velocity-dependent force
perturbations and sought to determine whether the subjects
exposed to this series of force fields would base their predictive
control on the past trials (i.e., the average of past perturbations)
or whether they would demonstrate the ability to anticipate the
future (i.e., the next perturbation).
MATERIALS AND METHODS
SUBJECTS
Twenty naive self-proclaimed right-handed subjects (11 men,
9 women, mean age 24.3 years) participated in this study. All
subjects signed an informed consent form as required by the
local Helsinki Committee. Subjects were randomly assigned to
one of two groups with identical experimental protocols; one
group (n = 10, 4 men and 6 women) performed horizontal
reaching movements (experiment 1, Figure 1A1), and the other
group (n = 10, 7 men and 3 women) performed vertical reaching
movements (experiment 2, Figure 1A2).
GENERAL TASK DESCRIPTION
Subjects were instructed to make a point-to-point reaching move-
ment in the horizontal plane (for experiment 1) or in the vertical
plane (for experiment 2) while holding the handle of a hap-
tic robotic manipulandum (Phantom 1.5TM by SensAble), with
two degrees of freedom, that applied forces to the hand. The
robot measured hand force, position, and velocity, at a sampling
rate of 200Hz. Visual information was provided to the subjects
through horizontally and vertically oriented screens in the hori-
zontal and vertical experiments, respectively. Two circles (7mm
in diameter) indicated the locations of the initial point (white
circle) and the target point (red circle) toward which the subject
was instructed to make point-to-point reaching arm movements.
An on-screen cursor comprising a small circle (5mm diameter)
tracked the subject’s movements (Figure 1A). The subject was
instructed to reach the target as quickly as possible. For each trial,
the computer provided visual feedback on the duration of the
movement to reach the target as follows: whether the duration of
the movement was appropriate (movement duration 0.2–0.7 s),
too slow (movement duration > 0.7 s), or too fast (movement
duration< 0.2 s).
The methods applied in the current study were similar to
those used in previous studies on hand motor control (Scheidt
et al., 2000, 2001; Joiner and Smith, 2008; Joiner et al., 2011).
Three types of trial were used—null, force-field, and error-clamp
(Figure 1B). During null-field trials, no external force field was
applied, and the hand of the subject moved in free space. During
force-field trials, the motors of the robot were used to produce
an external viscous force field on the subject’s hand, which was
proportional in magnitude and perpendicular in direction to the
speed of the hand (f = Bv, where f represents the force applied
by the robot, v the subject’s hand speed, and B the amplitude
of perturbation). In the error-clamp trials, the displacement lat-
eral error was clamped between the initial hand position and
the center of the target by using a virtual haptic “force chan-
nel,” which effectively counteracted lateral motion and forced
approximately straight-line hand movements. The force channel
was implemented as a stiff, viscous one-dimensional spring, with
1000 N/m, and a damper, of 50Ns/m, in the axis perpendicular
to the target direction (Scheidt et al., 2000; Smith et al., 2006;
Joiner and Smith, 2008; Joiner et al., 2011). The error-clamp tri-
als were used for high-accuracy measurement of the adaptation
level during the learning of the new environment; note that the
method involves only minimal after effects due to the minimal
spatial errors. Movements were always made along the positive y
direction, and perturbing forces were always directed to the right
(Figure 1B).
Each experiment, comprising a total of 780 trials, was divided
into three phases: baseline, random-perturbations and constant-
perturbations (Figure 1C). The first phase consisted of a baseline
phase comprising 100 trials, during which no force field was
applied. The second phase comprised the random perturbations
phase of 200 trials, during which the subjects performed move-
ments in a random viscous force field. In this phase, the forces
applied to the subject’s hand during the nth movement were
defined as:
(
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FY
)
= Bn ·
(
0 1
0 0
)(
x˙
y˙
)
,
Bn ∈ {1.0, 1.5, 2.0 , 2.5, 3.0, 3.5, 4.0 } Ns/m (1)
where x˙ and y˙ are the two components of the hand velocity along
the lateral (x) and distal (y) directions, respectively, and Bn is a
pseudo-random real number between 1 and 4Ns/m such that
the amplitude of the perturbation force field varied randomly
from trial to trial (Bn was distributed uniformly in this phase of
the experiment). During the random-perturbations phase it were
randomly embedded 10 short linear sequences of force fields,
with increasing amplitudes of 1, 2, 3, 4 Ns/m, and continued
with error-clamped trials (10% of trials in this phase). The rea-
son for using a random background of forces in this phase was to
ensure that information about the series was provided implicitly.
In the final—the constant-perturbations—phase, the subject per-
formed 12 blocks of 40 trials in a constant viscous force field. In
each block of that third phase, five randomly distributed error-
clamps trials were introduced (12.5% of trials in this phase).
The blocks were selected randomly but presented in the same
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FIGURE 1 | Experimental setup, movement types and experimental
protocol. (A) Subjects were instructed to make a point-to-point reaching
movement in the horizontal (1) or vertical (2) plane while holding the handle of
a two-degrees of freedom robotic manipulandum. (B) Three types of trial
were performed: null trials, force-field trials, and error-clamp trials. During
the null-field trials, the robot’s motors were turned off, and no force field was
applied. During the force-field trials, the robot’s motors were used to
produce a viscous force field (arrows) on the subject’s hand proportional in
magnitude and perpendicular in direction to the instantaneous the velocity of
hand motion. During the error-clamp trials, the lateral error was clamped
between the initial hand position and the center of the target by using “force
channel,” which effectively counteracted the lateral motion and
forced nearly straight line movements to the target. (C) Experimental
protocol, which comprises three phases: a baseline phase (100 trials), a
random-perturbations phase that included 10 embedded series of force fields
with increasing amplitudes (200 trials), and a constant-perturbations phase
that included 12 blocks of constant force fields (40 trials in each block, to give
a total of 480).
order for each subject; the magnitudes of the force fields in each
block are shown in Figure 1C. The subjects were not given any
information about the types of movement or the phases of the
experiment.
PERFORMANCE MEASURE AND FORCE ANALYSIS
We report the displacement at the maximum speed as a mea-
sure of movement errors. Our analysis is based on measur-
ing the profiles of the lateral perpendicular forces generated
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by the subjects during movement in the error-clamped trails.
During an error-clamp trial, the measured lateral force reflects
an adaptive compensation of the expected lateral force. We
examined the feed-forward predictive adaptive compensation of
the force-field environment in the random and the constant-
perturbations phases of the experiment. During the error-clamp
trials, movement errors were very small (average absolute devia-
tions, <1.26mm in the horizontal experiment and <1.30mm in
the vertical experiment). In the past, researchers seeking to track
the expected force field measured either the force that the sub-
jects applied at maximum speed (Wagner and Smith, 2008) or the
peak force (Criscimagna-Hemminger et al., 2010) in each force-
clamp trial. Since the external force perturbations in our study
were velocity dependent, the peak force point will theoretically
occur at the peak speed point. We therefore chose the force at
maximum speed as the point of ourmeasurements. To ensure that
our force results were not sensitive to this specific force measure,
we also examined the data for the peak force during the force-
channel trials in both experiments. The results were similar for
the two cases, and we are therefore confident that our measure of
adaptation is robust and independent of force point.
To fully compensate for the external force perturbations in a
specific movement, the subjects in our study needed to apply a
contrary lateral force (“perfect force”) proportional to the hand
velocity on that same trial. The adaptation level was quantified
in terms of the correlation coefficient and the adaptation coeffi-
cient between the exerted force and the “perfect” force during the
error-clamp trials. The correlation coefficient was calculated by a
Pearson correlation between the exerted force and the “perfect”
force. The value of these coefficients was 1 if the exerted force
was identical to the perfect force and 0 if the coefficients were
not related. The adaptation coefficient was calculated by linear
regression of the exerted force into the “perfect” force (Hwang
et al., 2006; Smith et al., 2006). The adaptation coefficient was
thus derived from the linear regression between actual and full
compensatory force profiles as follows:
FnFC = Bn · vny
FnActual = FnError−Clamp
FnActual = a · FnFC ⇒ FnActual = a · Bn · vny
(2)
where FnFC, the full compensatory force (“perfect”) in trial n, was
calculated as the product of the force field amplitude Bn that was
exerted by the manipulandum in trial n and the movement veloc-
ity in that trial vny ; F
n
Actual is the measured lateral force in the
error-clamp trial n; and a is the adaptation coefficient.
The database of force-field learning in which the force field
was kept constant over 40 trials and was varied between six dif-
ferent force fields (6 force fields × 40 trials × 2 blocks) enables us
to compare the learned force field in each block of the constant-
perturbations phase with the actual lateral forces in the second
phase (when the subjects were exposed to series of force fields).
STATISTICAL ANALYSIS
Statistical analysis of the data was performed using the Matlab
software with the Statistics Toolbox (The MathWorks, Natick,
MA). T-tests were used to compare the force profile between
trials. A repeated measure ANOVA was used to compare group
effects. The performance of the models was quantified by
measuring the correlation and the variance measurement (VAF)
between the data and the model’s prediction. The significance
level was set at 0.05.
RESULTS
ADAPTATION TO CONSTANT FORCE FIELDS IS SIMILAR IN VERTICAL
AND HORIZONTAL REACHING
All subjects (in the vertical and horizontal experiments) did
indeed learn the constant force fields over the constant-
perturbations phase, and these results are consistent with previ-
ously reported studies (Shadmehr and Mussa-Ivaldi, 1994; Smith
and Shadmehr, 2005; Wagner and Smith, 2008). When constant
force fields were applied initially in each block of the constant-
perturbations phase, the trajectories were distorted in compari-
son with the trajectories in the null trials of the baseline phase
and yielded increasing movement errors. However, as the sub-
jects gained expertise with practice, movement errors in the force
fields trials fell and hand trajectories converged to a path very
similar to that observed in free space (Figure 2A). As a measure-
ment of adaptation to the new velocity-dependent dynamics, we
measured the lateral force field in five error-clamp trials that were
randomly interspersed in each block (frequency of one in eight
trials, ten error-clamp trials for each condition).
The lateral force profiles measured during the constant-
perturbations phase in the horizontal experiment are shown in
Figure 2B. The colored traces represent the lateral force pro-
file averaged across all subjects across the ten error-clamp trials
for each of the force-field conditions (i.e., 1, 2, 2.5, 3, 4, and
5Ns/m). The gray trace in each panel represents the correspond-
ing perfect force profile that was based on the average movement
velocity profile and the force field magnitude in each block. Note
that we obtained similar results in the vertical reaching experi-
ment. To quantify the motor adaptation level for each force-field
condition, we calculated the adaptation coefficient. The results
presented in Figure 2C show clearly that the subjects adapted
to the external forces for all force-field conditions: the adapta-
tion coefficient was significantly different from zero (one sample
t-test: P < 0.001 for horizontal and vertical experiments) and
ranged between 0.60 and 0.86 (r = 0.86 ± 0.04 (SE) for the
first condition, B = 1Ns/m, and r = 0.60 ± 0.02 (SE) for the
higher perturbation, B = 5Ns/m) for horizontal reaching (black
filled bars) and between 0.53 and 1.03 (r = 1.03 ± 0.06 for the
first condition, B = 1Ns/m, and r = 0.53 ± 0.02 for the higher
perturbation, B = 5Ns/m) in the vertical reaching experiment
(gray unfilled bars). We also calculated the correlation coefficient
between the perfect and the actual force profiles (Figure 2D) with
the aim to assess matching between forces. We found that for
all force-field conditions, the correlations were high (one sam-
ple t-test: P < 0.001 for horizontal and vertical experiments) and
ranged between 0.76, and 0.94 (r = 0.76 ± 0.05 for the first con-
dition, B = 1Ns/m, and r = 0.94 ± 0.02 for the higher perturba-
tion, B = 5Ns/m) in horizontal reaching (black filled bars) and
between 0.91 and 0.94 (r = 0.91 ± 0.03 for the first condition,
B = 1Ns/m, and r = 0.94 ± 0.02 for the higher perturbation,
B = 5Ns/m) in the vertical reaching experiment (gray unfilled
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FIGURE 2 | Movement errors and learning performance of force profiles
during adaptation to constant force fields. (A) Movement error averaged
across all subjects during the baseline, random-adaptation and
constant-adaptation phases. Note that error-clamp trials are not shown in the
panels of Figure 2A. The colored traces represent the movement errors that
were measured in each condition of force perturbation during the
constant-perturbations phase. Errors bars represent SE. (B) Lateral force
profiles during the constant-perturbations phase. The colored traces represent
the lateral force profile averaged across all subjects across the ten error-clamp
trials for each force-field condition (1, 2, 2.5, 3, 4, and 5Ns/m). The gray trace in
eachpanel is thecorresponding perfect forceprofile that is basedon theaverage
movement velocity profile that allows full compensation of the force-field
perturbation. (C) Comparison of the adaptation coefficients for the different
force-field conditions during the constant-perturbations phase; black filled bars
for the horizontal experiment and gray unfilled bars for the vertical experiment.
(D)Correlation coefficients for the data presented in B. Error bars represent SE.
bars). Since the force field perturbations were velocity depen-
dent (see section “Materials and Methods”), it was important to
determine whether movement velocities were comparable for the
various values of B (perturbation amplitude) and during the two
experiments. We found that the average peak velocity during the
different phases of the two experiments were significantly sim-
ilar and ranged between 53.1–57.8 cm/s and 53.1–55.2 cm/s for
the horizontal and the vertical experiments, respectively (one-way
ANOVA test: F(6, 63) = 0.4562, P = 0.84 and F(6, 63) = 0.031,
P = 0.99 for the horizontal and vertical experiments, respec-
tively). We also found that there was no significant difference
between the average speed during the trials (one-way ANOVA
test: F(6, 63) = 0.2419, P = 0.96 and F(6, 63) = 0.2917, P = 0.94
for the horizontal and vertical experiments, respectively). This
finding confirms that our measures of adaptation in different
phases of the experiments are indeed robust.
SUBJECTS’ PREDICTIONS WERE BASED ON THE AVERAGE OF
THE SEQUENCE OF FORCE FIELDS
An analysis of the lateral force profile in the error-clamp trials
that followed the sequence trials indicated that subjects pre-
dict approximately the average value of the recent force fields
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(Figure 3). The gray bars in Figure 3 represent the peak of the
lateral force profile averaged across all subjects across the 10 error-
clamp trials for each force-fields condition (1, 2, 3, and 4Ns/m,
respectively) in the constant-perturbations phase of the exper-
iment. The black bar represents the peak of the lateral force
averaged across all subjects across the ten error-clamp trials that
followed the series force-field trials in the random-perturbations
phase (Figures 3A1 and A2 for the horizontal and vertical exper-
iments, respectively). For the horizontal experiment, the peak
value of the actual force that subjects applied after they had been
exposed to a series of force-fields (LF = 0.69 ± 0.05 (SE) [N])
was similar to the peak value of the actual force when they were
exposed to the force-field of B = 2.5Ns/m (mean value of the
sequence, LF = 0.81 ± 0.04 [N], blur bar in Figure 3A1). This
value differed significantly from the learned force when the sub-
jects were exposed to the force-field of B = 4Ns/m (the last term
of the series, LF= 1.15 ± 0.04 [N]) or B = 5Ns/m (the next term
of the series, LF= 1.38 ± 0.06 [N]). Similar results were obtained
in the vertical reaching experiment (Figure 3A2): the peak value
of the actual force that subjects applied after they had been
exposed to a vertical series of force-fields (LF = 0.98 ± 0.05(SE)
[N]) was similar to the peak value of the actual force when they
were exposed to the force-field of B = 2.5Ns/m (mean value of
the sequence, LF = 1.07 ± 0.04 [N], blur bar in Figure 3A2)
but different from the learned force when they were exposed
to the force-field of B = 4Ns/m (the last term of the series, LF
= 1.22 ± 0.05 [N]) or B = 5Ns/m (the next term of the series,
LF = 1.59 ± 0.07). We also tested the possible implicit learning
of the series of force fields during the random-perturbation phase
of the experiments. Our findings show clearly that there was no
such effect in both experiments. The peak force in each error-
clamp trial that followed the series trials was similar (one-way
ANOVA found no effect of the series repetition [F(9, 90) = 1.16,
P = 0.33 and F(9, 90) = 0.59, P = 0.80 for horizontal and vertical
experiments, respectively]).
To statistically validate our main observation that subjects
predict approximately the average value of the recent force
fields, we considered two alternative hypotheses for the expected
FIGURE 3 | Analysis of force profiles during adaptation to a series of
force-fields. (A1 and A2) Lateral forces at maximum speed averaged across
all subjects for horizontal and vertical experiments, respectively. The gray bars
represent the forces during each condition of the constant-perturbations
phase (1, 2, 3, and 4Ns/m), and the black bar represents the lateral forces in
the error-clamp trials that followed the series trials in the random-perturbations
phase. The blue and red bars represent the lateral forces that subjects applied
during constant perturbations of 2.5 and 5Ns/m, respectively. Error bars
represent SE. (B) Difference between forces in the error-clamp trials that
followed the series trials and forces in two different conditions of constant
force-field (“average”- B = 2.5Ns/m and “next”- B = 5Ns/m; black bars for
the horizontal and gray bars for the vertical experiments).
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force-fields in the error-clamp trials that followed the sequence
trials and calculated the differences between the actual data
and the expected result according to each hypothesis. The
first difference—designated “average” difference—was the dif-
ference between the value of the actual force in the error-
clamp trials when the subjects were exposed to a force-field of
B = 2.5Ns/m (in the constant-perturbations phase—blue bar,
Figure 3A) and the value of the actual force in the error-clamp tri-
als after the series force-field trials (in the random-perturbations
phase—black bar, Figure 3A). The second difference—the “next”
difference—was the difference between the value of the actual
force in the error-clamp trial when the subjects were exposed to
a force-field of B = 5Ns/m (red bar, Figure 3A) and the value of
the actual force in the error-clamp trial after the series force-field
trials (black bar, Figure 3A). Figure 3B shows that the subjects
clearly demonstrated predictive control of the average after per-
forming series of four trials under force fields of increasing
magnitudes. A t-test was used to assess the difference between
each pair of measures. The “average” difference (0.12 ± 0.05 [N]
for the horizontal experiment and 0.1 ± 0.06 [N] for the verti-
cal experiment) was significantly lower [two-tailed t-test: t(99) =
8.51, P < 0.0001 and t(99) = 7.69, P < 0.0001 for horizontal
and vertical experiments, respectively] than the “next” difference
[0.69 ± 0.07 (N) for the horizontal experiment and 0.61 ± 0.08
(N) for vertical experiment]. The high positive value of the “next”
difference in both experiments clearly supports our main find-
ings that subjects did not predict the future, as was the case in our
previous study on a lifting task. The value of the “average” dif-
ference indicates that subjects predict a force of lower value than
the series average, possibly because in the averaging process they
also included in the weighting the prior baseline of the zero force
field.
DISCUSSION
In this study, we monitored goal-directed arm movements with
the aim of examining the way in which short-term human motor
memory is used to predict force perturbations. Our main find-
ing was that the motor prediction of force perturbations is based
on averaging past experience (even after implicitly experienc-
ing four consecutive trials of increasing force perturbations). In
contrast to previous studies concentrating solely on horizon-
tal reaching movements, here we also tested vertical reaching
movements and found similar results, thereby refuting one possi-
ble explanation—that force expectation is based on movement’s
direction- for the discrepancy between adaptation to force pertur-
bations during reaching movements and adaptation to weight in
a lifting task, for which motor memory was demonstrated to pre-
dict the next object rather than the average (Mawase and Karniel,
2010).
Our results are consistent with those of previous studies
examining the learning of motor tasks in an unpredictable envi-
ronment (Scheidt et al., 2001; Takahashi et al., 2001; Donchin
et al., 2003). Those studies suggested that in a randomly unpre-
dictable environment, motor memory uses a short-term aver-
aging process to learn a motor task and that learning may not
represent the statistics of how perturbations change over time.
Our findings are also consistent with those of a previous study
that examined motor adaptation to predictable perturbations
(Thoroughman and Shadmehr, 2000; Karniel and Mussa-Ivaldi,
2002).
In contrast to the above, the present findings are not con-
sistent with our recent findings regarding motor memory of a
lifting task (Mawase and Karniel, 2010), in which we observed
that grip force is correctly adjusted to the next load in a sim-
ple implicit linear series with increasing weights, thus predicting
the future rather than exploiting the past. Predicting the future
rather than using the average of the past was also shown in the
study of Witney et al. (2001), which clearly found that the pre-
dictive response of the grip force in future trials is proportional
to the predictions of the last three trials. Taken together, the
results of previous studies on grasping and those of the current
study on reaching suggest that the brain can generate at least
two different types of motor representation, one exploiting the
past for reaching movements and the other predicting the future
for grasping movements. Initially, we hypothesized that the dif-
ference between the tasks might be due to the effect of gravity
and the fact that lifting is performed vertically while reaching
may be performed horizontally or vertically. This hypothesis is
clearly refuted by the current study, in which we found that adap-
tation to force perturbations in vertical reaching is similar to
adaptation during horizontal reaching. We therefore examined
three other possibilities—discussed below—that could explain
the apparent difference in predictions between force-field and
weight adaptation.
(1) Perturbation familiarity. The weight of an object repre-
sents a very familiar load that can easily be mapped to
real objects. It was suggested that the motor memory is
very accurate in representations familiar weights with broad
range of physical properties (Gordon et al., 1993); thus,
implicitly the use of representations from motor mem-
ory, including extrapolation, would be highly possible.
Conversely, curl field viscosity represents an unusual novel
load that cannot be easily mapped to external objects and
averaging over unusual perturbations rather than extrap-
olation might be a more plausible scenario for reaching
tasks.
(2) Environmental variability. We found that in reaching tasks
the lateral force was significantly robust to the environ-
mental variability (force field amplitudes) and that subjects
based their predictions on the average of the previous trials
(Figure 3). In lifting tasks, two mechanisms have been pro-
posed to account for the observations of higher grip force
when we lift series of increasing objects: in the first, it is
posited that grip force might change with the environmental
variability (object weights) along with applying safety mar-
gin to avoid slipping of the object (Hadjiosif and Smith,
2011). Second, grip force might change according to the pre-
diction of the next weight based on linear regression of the
previous three trials (Mawase and Karniel, 2010). To inves-
tigate the two different possibilities in a lifting task, we used
two different trial-by-trial adaptation models, since models
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of this type had previously been shown to be extremely
successful inmodelingmotor adaptation (Thoroughman and
Shadmehr, 2000; Scheidt et al., 2001; Donchin et al., 2003).
The first model, the regression model, evaluated the depen-
dence of the grip force on the average grip force of previous
trials and the predicted force based on linear regression of
the previous grip forces. This model suggested that sub-
ject prediction in each trial is a linear combination of the
average of the previous grip forces and the predicted forces
based on regression of the previous grip forces (Mawase and
Karniel, 2010). The second model, the variance model, eval-
uated the dependence of the grip force on the average grip
forces of previous trials and the variance of the previous
weights.
Regression model:
GˆF[n] = w1 · µ[n] + w2 · GˆFrgress[n],{
µ[n] = mean(GF[n − 3 : n − 1])
GˆFrgress[n] = regression(GF[n − 3 : n − 1])
(3)
where GˆF[n] is the predictive grip force in trial n, µ[n] is
the average of the previous three grip forces and GˆFrgress[n]
is the linear regression estimation of the previous three grip
forces.
Variance model:
GˆF[n] = w1 · µ[n] + w2 · Mstd[n],{
µ[n] = mean(GF[n − 3 : n − 1])
Mstd[n] = std(Weight[n − 3 : n − 1]) (4)
where Mstd[n] is the standard deviation of the previous
three weights. It is important to note that the two mod-
els contain two adjustable parameters (w1 and w2) and
therefore they can be compared without any corrections
for differences in complexity or any risk of over fitting.
We have fitted the two parameters of each model to each
subject. The performance of the models was quantified by
measuring the correlation and the VAF between the data
and the model’s prediction. We found that both models
fitted well the data (Figure 4). The mean percentage of
VAF in the regression model was 0.60 ± 0.02 (SE) across
all subjects, with a correlation coefficient of 0.77 ± 0.01
(model coefficients were on average w1 = 0.66 ± 0.03 and
w2 = 0.32 ± 0.03). The mean percentage of VAF for the
variance model was 0.56 ± 0.05 (SE) across all subjects,
with a correlation coefficient of 0.75 ± 0.04 (model coef-
ficients were on averagew1 = 0.81 ± 0.03 and w2 = 0.25 ±
0.02). Further studies are required to decipher these two
interpretations.
(3) Brain areas. Our results support the idea that motor
behavior in reaching and grasping is processed indepen-
dently and might rely on different anatomical locations in
the brain (Bracha et al., 2000; Diedrichsen et al., 2005;
FIGURE 4 | Comparison between predictions of the regression and
variance models for grip force from single subject (Data from Mawase
and Karniel, 2010). The gray line represents the actual performance of the
subject, while the colored line represents the model’s prediction (upper
panel for regression model and the lower panel for the variance model).
Krakauer and Shadmehr, 2006). Recent studies on human
neuroimaging andmonkey neurophysiology have suggested
that different brain neural circuits in the posterior pari-
etal cortex are directly involved in the above two motor
tasks, with the superior parietal to dorsal premotor cortex
circuit being involved in reaching movements and the infe-
rior parietal and inferior frontal circuit being more often
involved in grasping (Rizzolatti and Matelli, 2003; Tunik
et al., 2005; Creem-Regehr, 2009). Additionally, a grow-
ing number of human neuroimaging studies are providing
insight into the involvement of the medial intraparietal area
(MIP) in reaching movements and of the anterior intra-
parietal area (AIP) in grasping movements (Karnath and
Perenin, 2005; Davare et al., 2007, 2010, 2011; Grafton,
2010).
In summary, the reported study explored the use of motor
memory for predicting force fields during reaching movements.
We clearly demonstrated that in adaptation to force perturba-
tions the prediction is based on the average of past experience
rather than on extrapolation to the future, as had previously been
demonstrated in grasping and lifting as well as in the recent lit-
erature regarding episodic memory. Further study is required to
elucidate the role of motor memory in motor learning and the
similarities and differences between the various types of neural
structures responsible for learning and memory.
ACKNOWLEDGMENTS
We wish to thank Neville Hogan for his useful discussion
and comments. This work was supported by the Israel Science
Foundation (ISF), the United States-Israel Binational Science
Foundation (BSF), the National Institute of Psychobiology, Israel
(NIPI), and the Israel Ministry of Science and Technology.
Frontiers in Systems Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 60 | 8
Mawase and Karniel Motor memory of force perturbations
REFERENCES
Addis, D. R., Cheng, T., Roberts, R.
P., and Schacter, D. L. (2011).
Hippocampal contributions to the
episodic simulation of specific and
general future events. Hippocampus
21, 1045–1052.
Addis, D. R., Pan, L., Vu, M. A.,
Laiser, N., and Schacter, D. L.
(2009). Constructive episodic sim-
ulation of the future and the past:
distinct subsystems of a core brain
network mediate imagining and
remembering. Neuropsychologia 47,
2222–2238.
Addis, D. R., and Schacter, D. L.
(2008). Constructive episodic
simulation: temporal distance
and detail of past and future
events modulate hippocampal
engagement. Hippocampus 18,
227–237.
Albouy, G., Sterpenich, V., Balteau,
E., Vandewalle, G., Desseilles,
M., Dang-Vu, T., Darsaud, A.,
Ruby, P., Luppi, P. H., and
Degueldre, C. (2008). Both the
hippocampus and striatum are
involved in consolidation of motor
sequence memory. Neuron 58,
261–272.
Bracha, V., Zhao, L., Irwin, K. B., and
Bloedel, J. R. (2000). The human
cerebellum and associative learn-
ing: dissociation between the acqui-
sition, retention and extinction of
conditioned eyeblinks. Brain Res.
860, 87–94.
Brashers-Krug, T., Shadmehr, R., and
Bizzi, E. (1996). Consolidation in
human motor memory. Nature 382,
252–255.
Creem-Regehr, S. H. (2009). Sensory-
motor and cognitive functions
of the human posterior pari-
etal cortex involved in manual
actions. Neurobiol. Learn. Mem. 91,
166–171.
Criscimagna-Hemminger, S. E.,
Bastian, A. J., and Shadmehr,
R. (2010). Size of error affects
cerebellar contributions to motor
learning. J. Neurophysiol. 103,
2275–2284.
Criscimagna-Hemminger, S. E.,
Donchin, O., Gazzaniga, M. S.,
and Shadmehr, R. (2003). Learned
dynamics of reaching movements
generalize from dominant to non-
dominant arm. J. Neurophysiol. 89,
168–176.
Davare, M., Andres, M., Clerget, E.,
Thonnard, J. L., and Olivier, E.
(2007). Temporal dissociation
between hand shaping and grip
force scaling in the anterior intra-
parietal area. J. Neurosci. 27,
3974–3980.
Davare, M., Kraskov, A., Rothwell,
J. C., and Lemon, R. N. (2011).
Interactions between areas
of the cortical grasping net-
work. Curr. Opin. Neurobiol. 21,
565–570.
Davare, M., Rothwell, J. C., and Lemon,
R. N. (2010). Causal connectiv-
ity between the human anterior
intraparietal area and premotor cor-
tex during grasp. Curr. Biol. 20,
176–181.
Diedrichsen, J., Verstynen, T.,
Lehman, S. L., and Ivry, R. B.
(2005). Cerebellar involvement
in anticipating the consequences
of self-produced actions dur-
ing bimanual movements. J.
Neurophysiol. 93, 801.
Donchin, O., Francis, J. T., and
Shadmehr, R. (2003). Quantifying
generalization from trial-by-trial
behavior of adaptive systems that
learn with basis functions: the-
ory and experiments in human
motor control. J. Neurosci.
23, 9032.
Dudai, Y. (2009). Predicting not to
predict too much: how the cellu-
lar machinery of memory antici-
pates the uncertain future. Philos.
Trans. R. Soc. Lond. B Biol. Sci.
364, 1255.
Dudai, Y., and Carruthers, M. (2005).
The Janus face of mnemosyne.
Nature 434, 567–567.
Eisenberg, M., and Dudai, Y.
(2004). Reconsolidation of fresh,
remote, and extinguished fear
memory in Medaka: old fears
don’t die. Eur. J. Neurosci. 20,
3397–3403.
Flanagan, J. R., and Rao, A. K. (1995).
Trajectory adaptation to a nonlin-
ear visuomotor transformation: evi-
dence of motion planning in visu-
ally perceived space. J. Neurophysiol.
74, 2174–2178.
Gilbert, D. T., and Wilson, T. D.
(2007). Prospection: experiencing
the future. Science 317, 1351.
Gordon, A. M., Westling, G., Cole,
K. J., and Johansson, R. S. (1993).
Memory representations underly-
ing motor commands used dur-
ing manipulation of common and
novel objects. J. Neurophysiol. 69,
1789–1796.
Grafton, S. T. (2010). The cognitive
neuroscience of prehension: recent
developments. Exp. Brain Res. 204,
475–491.
Hadjiosif, A., and Smith, M. (2011).
Grip Force Control Reveals Mecha-
nism by Which the Motor System
Estimates Variability. Washington,
DC: Society for Neuroscience
Conference.
Huang, V. S., and Shadmehr, R. (2009).
Persistence of motor memories
reflects statistics of the learn-
ing event. J. Neurophysiol. 102,
931–940.
Hwang, E. J., Smith, M. A., and
Shadmehr, R. (2006) Adaptation
and generalization in acceleration-
dependent force fields. Exp. Brain
Res. 169, 496–506.
Joiner, W. M., Ajayi, O., Sing, G. C.,
and Smith, M. A. (2011). Linear
hypergeneralization of learned
dynamics across movement speeds
reveals anisotropic, gain-encoding
primitives for motor adaptation.
J. Neurophysiol. 105, 45.
Joiner, W. M., and Smith, M. A.
(2008). Long-term retention
explained by a model of short-
term learning in the adaptive
control of reaching. J. Neurophysiol.
100, 2948.
Karnath, H. O., and Perenin, M. T.
(2005). Cortical control of visu-
ally guided reaching: evidence from
patients with optic ataxia. Cereb.
Cortex 15, 1561.
Karniel, A., and Mussa-Ivaldi, F. A.
(2002). Does the motor control sys-
tem use multiple models and con-
text switching to cope with a vari-
able environment? Exp. Brain Res.
143, 520–524.
Krakauer, J. W., Pine, Z. M., Ghilardi,
M. F., and Ghez, C. (2000).
Learning of visuomotor transfor-
mations for vectorial planning of
reaching trajectories. J. Neurosci. 20,
8916–8924.
Krakauer, J. W., and Shadmehr, R.
(2006). Consolidation of motor
memory. Trends Neurosci. 29,
58–64.
Levy, N., Pressman, A., Mussa-Ivaldi,
F. A., and Karniel, A. (2010).
Adaptation to delayed force
perturbations in reaching move-
ments. PloS ONE 5:e12128. doi:
10.1371/journal.pone.0012128
Malfait, N., and Ostry, D. J. (2004).
Is interlimb transfer of force-
field adaptation a cognitive
response to the sudden intro-
duction of load? J. Neurosci. 24,
8084–8089.
Mawase, F., and Karniel, A. (2010).
Evidence for predictive control in
lifting series of virtual objects. Exp.
Brain Res. 203, 447–452.
Mazzoni, P., and Krakauer, J. W.
(2006). An implicit plan overrides
an explicit strategy during visuo-
motor adaptation. J. Neurosci. 26,
3642–3645.
Rizzolatti, G., and Matelli, M. (2003).
Two different streams form the
dorsal visual system: anatomy and
functions. Exp. Brain Res. 153,
146–157.
Schacter, D. L., and Addis, D. R.
(2007a). The cognitive neuroscience
of constructive memory: remem-
bering the past and imagining the
future. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 362, 773.
Schacter, D. L., and Addis, D. R.
(2007b). Constructive memory: the
ghosts of past and future. Nature
445, 27.
Scheidt, R. A., Dingwell, J. B.,
and Mussa-Ivaldi, F. A. (2001).
Learning to move amid uncertainty.
J. Neurophysiol. 86, 971.
Scheidt, R. A., Reinkensmeyer, D.
J., Conditt, M. A., Rymer, W. Z.,
and Mussa-Ivaldi, F. A. (2000).
Persistence of motor adaptation
during constrained, multi-joint,
arm movements. J. Neurophysiol.
84, 853.
Shadmehr, R., and Brashers-Krug, T.
(1997). Functional stages in the
formation of human long-term
motor memory. J. Neurosci. 17,
409–419.
Shadmehr, R., and Mussa-Ivaldi, F.
A. (1994). Adaptive representa-
tion of dynamics during learning
of a motor task. J. Neurosci.
14, 3208.
Smith, M. A., Ghazizadeh, A., and
Shadmehr, R. (2006). Interacting
adaptive processes with different
timescales underlie short-term
motor learning. PLoS Biol. 4:e179.
doi: 10.1371/journal.pbio.0040179
Smith, M. A., and Shadmehr, R. (2005).
Intact ability to learn internal mod-
els of arm dynamics in Huntington’s
disease but not cerebellar degen-
eration. J. Neurophysiol. 93,
2809.
Takahashi, C., Scheidt, R., and
Reinkensmeyer, D. (2001). Impe-
dance control and internal model
formation when reaching in a
randomly varying dynamical
environment. J. Neurophysiol.
86, 1047.
Thoroughman, K. A., and Shadmehr,
R. (2000). Learning of action
through adaptive combination
of motor primitives. Nature 407,
742–747.
Tulving, E. (2002). Episodic memory:
from mind to brain. Annu. Rev.
Psychol. 53, 1–25.
Tunik, E., Frey, S. H., and Grafton,
S. T. (2005). Virtual lesions of
the anterior intraparietal area dis-
rupt goal-dependent on-line adjust-
ments of grasp. Nat. Neurosci. 8,
505–511.
Wagner, M. J., and Smith, M. A.
(2008). Shared internal models for
Frontiers in Systems Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 60 | 9
Mawase and Karniel Motor memory of force perturbations
feedforward and feedback control.
J. Neurosci. 28, 10663.
Witney, A. G., Vetter, P., and Wolpert,
D. M. (2001). The influence of
previous experience on predic-
tive motor control. Neuroreport
12, 649.
Wolpert, D. M., Ghahramani, Z., and
Jordan, M. I. (1995). An internal
model for sensorimotor integration.
Science 269, 1880.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 17 April 2012; accepted: 26 July
2012; published online: 14 August 2012.
Citation: Mawase F and Karniel A
(2012) Adaptation to sequence force per-
turbation during vertical and horizon-
tal reaching movement—averaging the
past or predicting the future? Front.
Syst. Neurosci. 6:60. doi: 10.3389/fnsys.
2012.00060
Copyright © 2012 Mawase and Karniel.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.
Frontiers in Systems Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 60 | 10
